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Transcriptional proﬁleThe aim of this study was to evaluate the growth properties of primary human keratinocytes expressing E6
and E7 proteins, which are from either the β- or α-genotypes, under different culture conditions. We
demonstrated that keratinocytes expressing E6 and E7, from both HPV8 and 38, irreversibly underwent the
epithelial–mesenchymal transition (EMT) when grown on plastic with FAD medium (F12/DMEM/5%FBS).
Expression of E6/E7 from HPV16 was capable of fully overcoming the FAD-induced EMT. Immortalization
was only observed in HPV16-transduced cell lines, while the more proliferating phenotype of both KerHPV8
and 38 was mainly related to FAD-induced EMT. Microarray analysis of exponentially growing cells
identiﬁed 146 cellular genes that were differentially regulated in HPV16 compared to HPV8- and 38-
transduced cells. A large accumulation of transcripts associated with epidermal development and
differentiation was observed in HPV16-transduced cells, whereas transcripts of genes involved in the
extracellular matrix, multicellular organismal processes, and inﬂammatory response were affected in HPV8
and 38-transduced cells.© 2009 Elsevier Inc. All rights reserved.Introduction
Keratinocytes undergo a ﬁnite number of divisions in culture
before ceasing proliferation and entering replicative senescence
(Lundberg et al., 2000). The high-risk mucosal human papillomavirus
(HPV) E6 and E7 oncoproteins are able to immortalize human
keratinocytes by preventing this senescence and extending the life
span of keratinocytes through inactivation of both p53 and pRb, and
also through transcriptional activation of the human catalytic subunit
of telomerase (Fehrmann and Laimins 2003; Snijders et al., 2006; zur
Hausen 2002). Recent studies indicate that cutaneous HPVs of the
genus beta may also be involved in human carcinogenesis (Akgul et
al., 2006; Feltkamp et al., 2008). Indeed, the E6 and E7 proteins of
HPV38, similarly to HPV16 E6/E7, have the capacity to alter the
function of p53 and pRb. In contrast to HPV16, HPV38 does not induce
p53 degradation, but rather promotes the phosphorylation and
stabilization of p53, leading to the accumulation of ΔNp73, which is).
ll rights reserved.a potent inhibitor of p53 transcriptional functions (Accardi et al.,
2006; Caldeira et al., 2003). Indeed, expression of HPV38 E6/E7
results in life span extension of primary human keratinocytes, and the
HPV38 E7 protein has transforming activities in rodent ﬁbroblasts
(Caldeira et al., 2003). Despite these results, little is known regarding
the transforming properties of the β-genus of HPVs, most likely due to
the absence of robust transformation assays in a tissue culture system.
Several keratinocyte culture systems, e.g., serum-free and serum-
replete media as well cultures with or without feeder layer, have been
used to investigate HPV–keratinocytes interactions. These culture
systems exhibit signiﬁcant differences with regard to the proliferation,
differentiation, and senescence of keratinocytes, which may distinctly
affect these interactions. Nevertheless, different culture conditions
have been randomly employed to characterize HPV transforming
activity. Propagation of keratinocytes was ﬁrst developed by growing
the cells on mitotically inactivated ﬁbroblast feeders in serum-replete
medium (Rheinwald and Green, 1975). Keratinocyte culture was
additionally simpliﬁed through the development of serum-free
growth medium, which supports proliferation of keratinocytes on
plastic substrates in the absence of feeder ﬁbroblasts (Peehl and Ham,
1980). In addition, keratinocytes can also be grown on plastic by using
the same serum-replete medium, as with ﬁbroblast feeders. The
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keratinocyte senescence and immortalization, leading to a number
of discrepancies in the literature. One study suggested that keratino-
cytes experience irreversible p16INK4a-related senescence in both the
feeder system and the serum-free culture system (Rheinwald et al.,
2002). In contrast, another study proposed that p16INK4a-initiated
senescence could be avoided by utilizing the feeder system for
keratinocyte growth (Ramirez et al., 2001). A maximum growth of 50
population doublings (PDs) has been demonstrated when keratino-
cytes are grown in the presence of feeder ﬁbroblasts (Green et al.,
1977), while a replicative life span of b20 PDs occurs for keratinocyte
cultures without feeder layer (Kiyono et al., 1998; Stoppler et al.,
1997). Moreover, transfer of either HFKs (Human Foreskin Keratino-
cytes) or HFK/16E6E7 from plastic to the feeder ﬁbroblast culture
system signiﬁcantly induced telomerase activity (Fu et al., 2003).
These different cellular activities highlight the role of culture
conditions in the regulation of proliferation and senescence in
keratinocytes.
The study described herein was performed to evaluate the ability
of primary human keratinocytes expressing E6 and E7 oncoproteins
from two β-genotypes, HPV8 and 38, as well as HPV16 to proliferate
under different culture conditions. Oncoproteins expression was
achieved through recombinant lentivirus infection. Our experiments
demonstrated that growth of keratinocytes on plastic with FAD
medium irreversibly induced the epithelial–mesenchymal transition
(EMT), leading to enhanced proliferative capacity and extended life
span. Expression of E6/E7 oncoproteins from HPV16 was capable of
fully overcoming the FAD-induced EMT, whereas E6/E7 from the β-
genotypes HPV8 and 38 were not capable of this suppression. cDNA
microarrays were utilized to identify alterations in gene expression
that will allow for further understanding of the molecular events
underlying the different behaviors of HPV16 vs HPV8 and 38. This
analysis identiﬁed 146 cellular genes that were differentially regulated
in HPV16- vs HPV8- and 38 transduced cells. A large increase in the
number of transcripts associated with epidermal development and
differentiation was observed with HPV16, whereas HPV8 and 38
mainly affected genes involved in the extracellular matrix, multi-
cellular organismal processes, and inﬂammatory response. This is the
ﬁrst investigation to attempt a comprehensive description of expres-
sion proﬁling in HPV8- and 38-transduced keratinocytes compared to
HPV16.
Results
Culture conditions alter keratinocytes replicative capacity and induce
EMT, which is fully overcome in HPV16-, but not in HPV8- or
38-transduced cells
The ability to isolate keratinocytes stably expressing E6 and E7
from β-genotypes, upon infection with recombinant lentiviruses and
growth under different culture conditions, was ﬁrst investigated.
HFKs were cultured in KGM and infected with the recombinant
lentiviruses, which encoded both E6 and E7 from HPV8 and 38.
HPV16, which is an α immortalizing genotype, was included as an
internal positive control. Cells were infected with a lentivirus
carrying the LacZ gene as a negative control. The transduced cells
were selected in blasticidin for seven days and then cultured in either
KGM or FAD medium. The cultures were initially analyzed for
differences in cell morphology and proliferation rate. All cultures in
KGM displayed morphology similar to the parental cells, which
consisted of a homogeneous population of small proliferating cells
that grew in clusters and maintained cell-to-cell contacts. Cultures in
FAD medium, with the sole exception of cells transduced with HPV16
E6/E7, exhibited a dramatic difference in keratinocyte morphology
when compared to the corresponding cells grown in KGM.
Examination of cell cultures by phase contrast microscopy revealedthat cells adopted a ﬁbroblast-like appearance within one week of
culture in FAD medium, with an elongated morphology and greater
culture dispersal than cells grown in KGM (Fig. 1A). The cells
acquired the morphologic change characteristics of EMT, as the cell
shape changed from round to a spindle-like phenotype, and the cells
lost cell-to-cell contacts and dissociated. To conﬁrm the occurrence
of EMT, cells were analyzed by immunoﬂuorescence for the
expression of the intermediate ﬁlament protein vimentin, a biological
marker of EMT. With the sole exception of KerHPV16, all cell lines
cultured in FAD medium expressed vimentin (Fig. 1A). Changes in
keratin expression were also analyzed by immunostaining with a
pancytokeratin antibody since the process of EMT is accompanied by
the loss of cytokeratin expression. Expression of cytokeratin was
completely lost in cells grown in FAD medium that experienced EMT,
such as KerLacZ, KerHPV8, and KerHPV38. A strong immunoreactivity
was observed in KerHPV16 that did not experience EMT, which was
comparable to the immunoreactivity of keratinocytes grown in
serum-free medium. EMT was irreversible, since cells maintained
mesenchymal morphology after replacement of FAD medium with
KGM (data not shown).
Furthermore, the mass cultures were serially passaged, counted,
and seeded at each split to calculate PD over time. Overall, cells in
KGM exhibited a much lower lifespan than cells grown in FAD
medium. Only HPV16-transduced cells displayed a signiﬁcantly
extended lifespan and became immortalized, whereas the growth
of both HPV8- and 38-transduced cells, as well as LacZ-transduced
cells, was arrested at approximately PD 15 (data not shown). By
contrast, cells in FAD medium acquired a signiﬁcantly extended
lifespan phenotype as shown in the representative growth curves of
Fig. 1B. The control cells, KerLacZ, ceased to grow at an average PD
value of 24 (±8). Although KerHPV8 and KerHPV38 exhibited a
longer life span, with respective PD values of 63 (±18) and 41 (±13),
these cells were unable to sustain continued growth in culture, and
all mass cultures ultimately senesced, as determined by expression of
the senescence marker β-galactosidase (data not shown). As
expected, KerHPV16 were able to sustain growth beyond the limits
of the control cells, achieving values greater than 100 PD. A one-way
analysis of variance with Bonferroni post-test was utilized to
determine if the differences in population doublings among the
transduced cell lines were statistically signiﬁcant at 145 days. The
results obtained suggest that in FAD medium the proliferation of
KerHPV16 is signiﬁcantly different from control cells, as shown in Fig.
1C, whereas no signiﬁcant variation occurred between KerHPV8 and
38 in comparison to KerLacZ, despite the slight increase in
proliferation. Similar results were obtained from three independently
derived cell lines for each genotype.
Having observed that FADmedium induced EMT fully overcome by
HPV16 E6/E7, but not HPV8 or HPV38 E6/E7, we focused on these
cultures to gain a better understanding of the properties of HPV-
transduced cells in FAD medium.
PCR was then performed to verify the presence of the transduced
HPV–DNA in FAD cultures. This analysis demonstrated the presence of
the correct DNA in the respective cell line and excluded cross
contamination (data not shown). Transgene-speciﬁc RNA was
detectable in total RNA from all cell lines (Table 1). The expression
levels of E6 and E7 transcripts were relatively stable among the three
cell lines tested at approximately PD 25 for each genotype, and similar
among the three genotypes. Similar expression levels were also
obtained at later PDs (data not shown).
KerHPV16, but not KerHPV8 and 38, exhibits hTERT mRNA induction,
colony forming ability, and growth in organotypic culture
TERT overexpression is considered to be a key event during the
immortalization of human keratinocytes induced by HPV16 E6/E7
proteins (Oh et al., 2001; Veldman et al., 2001), and therefore, the
Fig.1. (A) Morphology of HFKs expressing HPV oncoproteins (KerHPV8, KerHPV38 and KerHPV16). Photographs were taken for the different cell lines (as indicated in the ﬁgure),
grown in FAD medium or KGM (KerLacZ as negative control), at day 10 post-selection. Representative immunoﬂuorescence images of the same cultures decorated with anti-
pancytokeratin and vimentin antibodies are shown. The same magniﬁcation was used (10×) in all the photomicrographs. (B) Long-term analysis of the growth proﬁle of HFKs
expressing the HPV oncoproteins. Primary keratinocytes expressing E6/E7 from HPV8, 38, and 16 were grown in FAD medium for comparison of growth properties to control
cells containing the LacZ recombinant lentivirus. The number of population doublings at the indicated times is shown. Time 0 refers to the point when drug selection was
complete after infection with the different recombinant lentiviruses. Error bars were calculated using the standard deviation of three independent experiments. (C) p-values for
each HPV cell line compared to each other and to the KerLacZ control are shown. The p-values were calculated using a one-way analysis of variance with Bonferroni post-test.
NS indicates not signiﬁcant.
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was determined using quantitative-RT-Real-Time PCR (q-RT-PCR)
during early and late PDs. As shown in Fig. 2A, cells expressing E6/
E7 from the β-genotypes exhibited a relatively low increase in the
level of hTERT mRNA above background, with no substantial
variation over cell life span. Consistent with the life span extension
observed in HPV16-transduced cells, these cells exhibited a
signiﬁcant up-regulation of hTERT at early PDs, with a gradual
increase at higher PDs.
The ability of keratinocytes to form different-sized colonies in vitro
has been correlated to their proliferative potential. To assess colony
formation potential, transduced keratinocytes were seeded at clonal
density and only HPV16-transduced cells had formed large colonies
after two weeks in FAD culture (Fig. 2B). Thus, the observed increased
proliferative potential of keratinocytes grown in FAD medium did not
correlate with higher clonogenic capacity. Expression of E6/E7 from
HPV16, but not from the β-genotypes, did provide a growth advantage
over the normal counterpart.Table 1
Transgene expression levels in lentiviral infected keratinocytes.
Cell line n Transcripts
HPV-E6/transcript GUSB⁎
n Transcripts
HPV-E7/transcript GUSBa
KerHPV8 90±19.6 61±12.14
KerHPV38 75±15.2 52±8.7
KerHPV16 113±14.7 135.34±28.3
a Total RNAwas isolated from 3 independent cell lines for each genotype. HPV-E6 and
E7 mRNA transcripts copy numbers, normalized to GUSB mRNA levels, were
determined in two independent assays. Each assay was performed in triplicate, and
data shown are the mean±SD of three independent infections.The ability of keratinocytes to grow in raft cultures after EMT was
then determined. Organotypic raft culture analysis was performed,
with transduced HFK from FAD cultures and normal keratinocytes
grown in serum-free medium serving as the control. Consistent with
the loss of epithelial markers depicted in KerLacZ, KerHPV8, and
KerHPV38, none of these lines were capable of growing in raft cultures
(Fig. 2C). In comparison, KerHPV16 grew in raft cultures and exhibited
a highly disorganized, dysplastic morphology, with mitotic cells in the
suprabasal layers. HFK cells grown in serum-free medium (KGM)
exhibited growth in the raft cultures with a normal differentiation
pathway, as expected.
HPV8 and 38 E6/E7 proteins differentially modulate p53, pRb, p21 and
p16INK4a proteins levels
To better characterize the HPV-transduced cultures, changes in
protein levels of proteins involved in cell cycle control, which are
known target genes of the transforming capability of HPV oncopro-
teins, were investigated (Fehrmann and Laimins 2003; Struijk et al.,
2008; zur Hausen 2002). Total cell extracts were obtained from the
indicated cell lines at approximately PD 25 and analyzed by western
blotting. As shown in Fig. 3, p53 protein was undetectable in
KerHPV16, and slightly reduced in KerHPV8 and 38 in comparison to
KerLacZ. A similar pattern was obtained with pRb, although protein
levels were still detectable for KerHPV16 grown in FAD, and
completely down-regulated in KerHPV38. Levels of p16INK4a were
elevated in KerHPV16 as expected for HPV16-transduced cells, but not
in the other cell lines. The p21 protein was present in KGM culture of
normal keratinocytes, corresponding with the presence of p53, but
not in the other cell lines.
Fig. 2. (A) q-RT-PCR of hTERTmRNA in KerHPV8, KerHPV38, KerHPV16, and KerLacZ as the negative control. Total RNAwas extracted from the indicated cell line at early (∼6) and late
(∼43) PDs. The data represent the means of two independent experiments with similar results. (B) Representative pictures of the clonogenic capability determined by CFA in FAD
medium of KerHPV8, KerHPV38, KerHPV16, and KerLacZ, as the negative control. (C) Capacity of HPV-transduced keratinocytes to regenerate a pluristratiﬁed reconstructed
epidermis. Organotypic cultures were prepared from KerLacZ, KerHPV16, KerHPV8, and KerHPV38 grown in FAD medium and from KerLacZ cultured in serum-free medium as
positive control. Parafﬁn-embedded sections were analyzed for morphological characteristics by hematoxylin and eosin staining. Magniﬁcation at 20×.
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through gene expression proﬁling
Transcriptional proﬁles were obtained by microarrays to gain a
better understanding of the properties of HPV-transduced cultures inFig. 3. Western blot analysis for expression of cell cycle proteins in KerLacZ, KerHPV8,
KerHPV38, and KerHPV16. Keratinocytes transduced with the indicated lentiviruses at
PD 25 were lysed and 30 μg protein aliquots were separated by SDS-PAGE. The proteins
were blotted onto nitrocellulose membranes, reacted with the corresponding
antibodies, and visualized by chemiluminescence (HFK: human foreskin keratinocytes;
HFF: human foreskin ﬁbroblasts).our experimental setting. Steady-state mRNA levels of the four
transduced cell lines, grown in FAD medium, at approximately PD 25
(i.e., KerLacZ, KerHPV16, KerHPV8 and KerH PV38) were analyzed
with Agilent oligonucleotide arrays, which contained probes to
37,000 different human genes. All the cells were in the exponential
growing phase when used for RNA extraction. RNA was pooled from
two independently derived cell lines for each genotype. The data
were ﬁrst sorted for genes that were up- or down-regulated by
expression of E6/E7 in at least one cell line (KerHPV16, 8, or 38)
compared to the LacZ control. Our sort criteria selected genes, which
the Rosetta Resolver Agilent platform error model identiﬁed as
signature (p-value less than 0.01), with a greater than two fold
change in mRNA levels. The complete list of differentially expressed
genes is available in Supplementary Table S1. The greatest modula-
tion in overall gene expression was observed for KerHPV16 cells, with
nearly 4,500 transcripts changing their expression compared to
KerLacZ. Approximately half of this number of transcripts was
modulated in KerHPV8 (2,293 compared to 4,495 in KerHPV16),
and KerHPV38 cells with 1,075 modulated genes (Fig. 4A). The
proportion of up- and down-regulated genes was similar and close to
50% for every comparison. The intersection of gene expression among
all samples contained 629 transcripts, while 2,276 genes that were
modulated in KerHPV16 were not signiﬁcantly altered in either
KerHPV8 or KerHPV38. A smaller number of transcripts were
modulated in KerHPV8 and 38 (278 and 28 respectively), but not
for the other comparisons. Furthermore, the Pearson correlation
coefﬁcient between expression proﬁles of sample pairs was much
more elevated when comparing KerHPV8 to KerHPV38 than for any
other pair (approximately 0.7 for KerHPV8-38 and less than 0.4 for
KerHPV16-8 or KerHPV16-38). Some of the identiﬁed genes for
264 B. Azzimonti et al. / Virology 388 (2009) 260–269KerHPV16 were previously determined to be modulated in HPV16-
infected early stage cervical cancers or HPV16-transduced cervical
keratinocytes, such as genes involved in DNA synthesis, cell cycle
control, DNA repair, tissue remodeling, wound healing, and differ-
entiation, which provides validity for the array analysis (Duffy et al.,
2003; Nees et al., 2000, 2001). Consistent with the study of Nees et
al. (2000), transcriptional inhibition of TGF-β2 expression, an
important regulator of keratinocyte differentiation, was observed.Fig. 4. (A) Venn diagram showing intersections among lists of genes modulated by expressio
circles include annotated transcripts with absolute fold change greater than 4 and p-valu
sequences corresponding to the same RefSeq identiﬁer or GenBank Accession number. Th
KerHPV16 that are not modulated (pN0.01 and absolute FC less than 1.5) or oppositely modu
18 transcripts highly modulated in KerHPV8 and KerHPV38, but not modulated in KerHPV1
expressed in Ker HPV8 or 38, respectively, but are not modulated in the other two conditi
functional annotation analysis: GO biological processes overrepresented (DAVID p-value les
modulated in KerHPV8 and KerHPV38. Black or white bars represent up- or down-regulate
category. (C) A subset of functional categories and corresponding genes among the 146 diffe
the right, in red are indicated the genes up-regulated by HPV8 and 38 (arrows) and down
regulated by HPV16 (arrows) but down-regulated by HPV8 and 38 (blunt arrows).Despite this ﬁnding, HPV16 E6/E7 up-regulated a number of genes
that are normally expressed in epidermis development, such as small
proline-rich proteins, kallikrein 7, involucrin, sciellin, desmoplakin,
keratins, ectoderm development-like desmocollin 3, epiregulin,
cystatin A, and epithelial v-like antigen 1, which were previously
identiﬁed as HPV16 E6/E7 down-regulated genes (Duffy et al., 2003;
Nees et al., 2000, 2001). This discrepancy in gene expression patterns
may be related to the different culture condition (FAD compared ton of E6/E7 from HPV16, 8, and 38 in comparison to the LacZ control in FAD cultures. Big
e less than 0.001 in at least one of the three conditions, after weighted averaging of
e upper and middle small circles refer to 890 and 28 transcripts highly modulated in
lated, respectively, in KerHPV8 and KerHPV38. The small circle at the bottom represents
6. Finally, the red and blue small circles represent the transcripts that are differentially
ons. (B) Database for Annotation and Visualization and Integrated Discovery (DAVID)
s than 0.01) within the list of altered genes in KerHPV16 compared to KerLacZ, but not
d genes, respectively, and ciphers represent the number of altered genes within each
rentially regulated genes in KerHPV16 compared to KerHPV8 and 38 are illustrated. On
-regulated by HPV16 (blunt arrows). On the left, in green are indicated the genes up-
Fig. 4. (continued).
265B. Azzimonti et al. / Virology 388 (2009) 260–269serum-free media) and keratinocytes tissue origin (foreskin com-
pared to cervix).
The main differences at the transcriptional level between
KerHPV16 with KerHPV8 and 38 were then investigated. Therefore,
890 transcripts were selected (see Fig. 4A, small green circle) that
exhibited a statistically signiﬁcant expression change of at least 4-fold
by expression of E6/E7 from HPV16 and were not modulated in both
KerHPV8 and 38 (p-value greater than 0.01 and absolute fold change
less than 1.5). Mapping of these transcripts into Gene Ontology
categories revealed major changes in a variety of cellular processes
(Fig. 4B). In many groupings, the number of genes that exhibited
increased expression is higher than the number of genes with
decreased expression. The pathway category exhibiting the greatest
total number of signiﬁcantly altered transcripts was epidermalTable 2
Genes signiﬁcantly modulated (absolute fold change ≥4 and p-valueb0.001) in KerHPV8 a
GeneBank ID Gene
NM_005084 Phospholipase A2, group VII (plateletactivating factor acetylhydro
NM_032812 Plexin domain containing 2
NM_001964 Early growth response 1
NM_021013 Keratin 3
NM_175887 Proline rich 15
BC017854 Epithelial membrane protein 1
NM_002167 Inhibitor of DNA binding 3, dominant negative helix–loop–helix p
AK096134 CDNA FLJ38815 ﬁs, clone, LIVER2007548
NM_016848 SHC (Src homology 2 domain containing) transforming protein 3
AK098514 Chondroitin beta1,4 Nacetylgalactosaminyltransferase
AK125162 RAR-related orphan receptor B
NM_000230 Leptin (obesity homolog, mouse)
NM_003108 SRY (sex determining region Y)-box 11
NM_002846 Protein tyrosine phosphatase, receptor type, N
NM_002839 Protein tyrosine phosphatase, receptor type, D
NM_013377 PDZ domain containing RING ﬁnger 4
NM_000091 Collagen, type IV, alpha 3 (Goodpasture antigen)
BM680083 SRY (sex determining region Y)-box 11
Genes are ordered from negative to positive in terms of fold change.development and differentiation, in agreement with the lack of EMT
in KerHPV16 cells. The number of genes with a signiﬁcant modulation
in KerHPV8 and 38, which did not change expression in KerHPV16, is
consistently smaller (18 genes) and the only signiﬁcantly enriched
Gene Ontology category is “multicellular organismal development” for
these genes (Table 2).
Next, the differentially expressed genes in KerHPV16 compared to
KerHPV8 and 38 were further characterized. Selection of transcripts
oppositely regulated in KerHPV16 compared to both KerHPV8 and 38
yielded 28 total transcripts (Fig. 4A, small circle within the intersec-
tion of the three sets). By relaxing the fold change threshold from 4 to
2,146 sequences were obtained. The name of the genes and fold
changes are listed in Supplementary Table S2. Of the 146 genes
oppositely regulated, 62 were up-regulated in KerHPV16 and 84 genesnd KerHPV38, but not altered in KerHPV16.
KerHPV8 vs
KerLacZ
KerHPV38 vs
KerLacZ
Up/down Fold Change Fold Change
lase, plasma) ↓ −27.7883 −7.22347
↓ −18.7471 −22.2387
↓ −12.9507 −10.7356
↓ −9.52201 −7.18526
↓ −8.96642 −8.01959
↓ −6.05004 −12.4475
rotein ↑ 4.1181 4.64912
↑ 5.50959 4.75054
↑ 6.1153 5.08427
↑ 6.8065 4.36408
↑ 7.00422 14.33993
↑ 7.07066 10.30624
↑ 9.56297 14.59066
↑ 9.75065 5.42402
↑ 11.16787 23.47932
↑ 14.37883 5.68992
↑ 18.38353 6.67601
↑ 35.50339 64.52068
266 B. Azzimonti et al. / Virology 388 (2009) 260–269were up-regulated in KerHPV8 and 38. These genes were functionally
grouped according to Gene Ontology categories. Genes involved in cell
cycle progression, transcription, development, positive regulation of
cellular metabolic process, RNA biosynthetic process, and the
transmembrane receptor protein tyrosine kinase signaling pathway
were depicted in KerHPV16. Among the genes up-regulated in
KerHPV8 and 38, some categories may be relevant for the character-
ization of cutaneous genotypes, such as extracellular matrix organiza-
tion and biogenesis, inﬂammatory response, cell-to-cell signaling,
development, sensory perception of light stimulus, defense response,
and chemotaxis. A subset of functional categories and corresponding
genes among the 146 differentially regulated genes are illustrated in
Fig. 4C.
To validate the microarray data analysis, 13 differentially
expressed genes between KerHPV16 and KerHPV8/KerHPV38 were
chosen for validation by q-RT-PCR (Fig. 5). Fold changes in the
indicated cell lines compared to KerLacZ were determined for either
the same RNA used for microarray analysis or the RNA extracted
from another cell line for each genotype obtained with a separated
lentiviral infection. Changes in gene expression revealed by the two
methods were in the same direction and parallel in the other cell
line tested for all cases. Correlations between the microarray and q-
RT-PCR results for this gene set were then determined for each cell
line, and the statistical signiﬁcance for q-RT-PCR data were
signiﬁcantly correlated with microarray data, as determined by the
correlation index (r=0.90 for KerHPV8; r=0.79 for KerHPV38 and
r=0.99 for KerHPV16).Fig. 5. Validation of microarray data analysis by q-RT-PCR. Fold changes in KerHPV16, KerHPV
line) were determined either from the same RNA used for microarray analysis or the RNA ext
The data±SD of 1 experiment are shown as representative of two separated assays with siDiscussion
This investigation demonstrated that alterations in keratinocyte
biology due to culture environment could lead to dramatic differences
in HPV–keratinocyte interactions. We demonstrated for the ﬁrst time
that growth of keratinocyte cultures in a serum-containing medium,
such as FAD, increased number of cellular doublings by inducing a
mesenchymal phenotype. Epithelial cells can indeed convert into
mesenchymal cells through a process known as EMT (Lee et al., 2006;
Thiery and Sleeman 2006). Interestingly, infection with recombinant
lentiviruses coding for E6 and E7 proteins from HPV8 and 38 did not
affect this transition, whereas infectionwith recombinant lentiviruses
coding for E6 and E7 from HPV16 completely prevented EMT and the
cells maintained the parental phenotype. Immortalization was only
observed in HPV16-transduced cell lines, HPV8- and 38-transduced
cells exhibited a slight extension of lifespan in comparison to KerLacZ,
but eventually senesced. Consistent with these results, KerHPV16, but
not KerHPV8 and 38, displayed increased colony forming ability in
comparison to KerLacZ. Overall, the more proliferating phenotype of
KerHPV8 and 38 was primarily related to FAD-induced EMT rather
than any speciﬁc activity of the viral oncoproteins.
As expected, HPV16-immortalized cell lines exhibited an increase
in p16INK4a expression and p53 degradation, while pRb protein levels
were reduced, but not completely abolished (Fu et al., 2003;
Yamamoto et al., 2003). p16INK4a was not up-regulated in KerHPV8
and 38, while p53 and pRb protein levels were reduced, and pRb
undetectable in KerHPV38 compared to LacZ control. Thus, pRb8, and KerHPV38 in comparison to KerLacZ (represented in the graph by the no change
racted from another cell line for each genotype. q-RT-PCR samples were run in triplicate.
milar results.
267B. Azzimonti et al. / Virology 388 (2009) 260–269degradation by HPV38 E6/E7was conﬁrmed, while p16INK4a induction
and p53 accumulation did not occur as previously indicated in other
studies.
Up-regulation of hTERT mRNA expression was demonstrated in
KerHPV16, but was not signiﬁcant in KerHPV8 and 38, in contrast to
previous reports demonstrating hTERT transactivation in keratino-
cytes expressing E6/E7 from HPV38, although to lower extents than
HPV16 (Bedard et al., 2008; Gabet et al., 2008).
Mesenchymal cells exhibited long-term proliferative potential
during serial subcultivation, but lost the capability to form a
pluristratiﬁed epidermis in an organotypic model. Only KerHPV16
maintained this organogenic potential under FAD culture conditions
and reproduced the morphological features of dysplastic epithelium.
These results conﬂict with those of Tommasino et al. and from
other studies, which demonstrated that HPV38 E6/E7 can immorta-
lize keratinocytes and induce telomerase activity (Bedard et al., 2008;
Caldeira et al., 2003; Gabet et al., 2008). The most likely explanation
for this difference might be due to the different culture condition
employed. Indeed, these studies immortalized HFK grown on a
lethally irradiated feeder layer of human ﬁbroblasts and never
reported any mesenchymal-like phenotype in their cultures. Sub-
stantial research indicates that growth with a feeder layer is more
physiologic for keratinocytes and more closely mimics the environ-
ment present in the basal layer of the epidermis. One potential reason
for these results is that paracrine factors produced by the ﬁbroblasts
feeder layers may inhibit the FAD-induced EMT. However, the
possibility that the FAD medium may alter keratinocyte physiology
cannot be excluded, even in the presence of ﬁbroblast layers, and
therefore, caution must be taken when using serum-containing
medium.
Furthermore, morphological data were integrated with microarray
results to gain insight into the different expression proﬁling between
β-genotypes and high-risk mucosal α-genotypes, such as HPV16.
Although our cellular model with the mesenchymal phenotype does
not fully reproduce the natural HPV–keratinocyte interactions, this
investigation is the ﬁrst to attempt a comprehensive description of the
molecular changes due to HPV8 and 38 E6/E7 expression in
comparison to HPV16 E6/E7 expression in exponentially growing
primary human keratinocytes through microarray analysis. This
system may be a relevant model to identify novel pathways altered
by β-genotypes and for a greater comprehension of their biology. The
greatest expression modulation was observed in KerHPV16 cells, with
nearly 4,500 transcripts altering expression compared to KerLacZ,
followed by KerHPV8 with approximately half the number of
modulated transcripts, and KerHPV38 cells with 1,075 modulated
genes. Approximately half of the total genes modulated in KerHPV16
were not signiﬁcantly changed in either KerHPV8 or KerHPV38, while
a smaller number of transcripts were differentially modulated in
KerHPV8 and 38 (278 and 28 respectively). The transcriptional
changes reported in KerHPV16 conﬁrm the capacity to stimulate
cellular processes such as cell cycle and RNA metabolism, which are
strictly related to their capability to immortalize keratinocytes (Duffy
et al., 2003; Nees et al., 2000, 2001). In comparison, up-regulation of
many genes involved in epidermal development and differentiation
may explain why KerHPV16 can overcome FAD-induce EMT, while
KerHPV8 and 38 experiences EMT. Selection and functional classiﬁca-
tion of the 146 transcripts oppositely regulated in KerHPV16
compared to both KerHPV8 and 38 demonstrated that HPV16
primarily up-regulated genes involved in the cell cycle, transcription,
development, and differentiation (Radoja et al., 2006). Among the
genes up-regulated in KerHPV8 and 38, some categories may be
relevant for characterization of the cutaneous genotypes, such as
extracellular matrix organization and biogenesis, inﬂammatory
response, cell-to-cell signaling, development, sensory perception of
light stimulus, defense response, and chemotaxis. Moreover, the
induction by HPV8 and 38 of two genes belonging to the SLRP family,lumican and epiphycan, while HPV16 has down-regulated their
expression, is worth further consideration. In addition to being
structural proteins, SLRPs constitute a network of signal regulation,
since these proteins are mostly extracellular and upstream of multiple
signaling cascades, SLRP induction may be of particular relevance for
the functioning of β-genotype (Schaefer and Iozzo, 2008).
Collectively, our data support the hypothesis that the EMT
phenomenon represents a tissue culture artifact induced by growing
keratinocytes in FAD medium on plastic. However, HPV16-transduced
cells are resistant to FAD-induced EMT, whereas HPV8- and 38-
transduced cells exhibit EMT. This ﬁnding, together with the
differences demonstrated in their transcriptional proﬁling, further
emphasizes the different biological activities of the β-genotypes HPV8
and 38 in comparison to the α-genotype HPV16, and conﬁrm that the
transforming capability of β-genotypes is lower than that of HPV16 or
is mediated by different molecular pathways, since this genotype is
not able to overcome the effects of culture conditions (De Andrea et
al., 2007; Feltkamp et al., 2008; Nindl et al., 2007).
The details of growth condition inﬂuence on HPV biology warrant
further investigation and care to avoidmisinterpretations and artifacts
while establishing in vitro models to understand the molecular
mechanisms underlying HPV-induced hyper-proliferation.
Materials and methods
Cell cultures
Primary human foreskin keratinocytes (HFKs) and ﬁbroblasts
(HFF), established from normal human foreskins pooled from three
to ﬁve donors, were obtained from Clonetics (distributed by Lonza
Verviers SPRL, Verviers, Belgium) and ATCC (Manassas, USA),
respectively. Two different keratinocyte culture systems were used
in this study. In the serum-free condition, HFKs were maintained in
keratinocyte growth medium (KGM-2), which was supplemented
with human recombinant epidermal growth factor, bovine pituitary
extract, insulin, epinephrine, transferrin, hydrocortisone, and genta-
micin sulphate (Lonza Verviers, Belgium). Alternatively, keratino-
cytes were grown in FAD medium (1 part Ham's F12 and 3 parts
DMEM) in the presence of 5% heat inactivated FBS (F12/DMEM/5%
FBS), insulin (5 μg/ml), epidermal growth factor (10 ng/ml), cholera
toxin (8.4 ng/ml), adenine (24 μg/ml), and hydrocortisone (0.4 μg/
ml). With both media, HFKs were cultured on collagene type I (BD
Biosciences, Belford, UK) coated ﬂasks. HFFs were cultivated in
DMEM supplemented with 10% heat inactivated FBS. 293FT for
lentivirus production and HT1080 for lentivirus titers were obtained
from Invitrogen (Carlsbad, USA), and grown in DMEM supplemen-
ted with 10% heat inactivated FBS, 1 mM MEM sodium pyruvate,
0.1 mM MEM non-essential amino acids, and 500 μg/ml geneticin.
All cell cultures were maintained in the presence of penicillin,
streptomycin, and amphotericin-B at 37 °C in a humidiﬁed 5% CO2
atmosphere.
Expression vectors, production of recombinant lentiviruses, and lentiviral
transduction
The Lentiviral expression vector pLenti6/V5-D-TOPO (ViraPower™
Lentiviral Expression System, Invitrogen, Carlsbad, USA) was used to
generate recombinant viruses containing E6 and E7 from HPV8, 38,
and 16. E6/E7 ORFs from HPV8, 38, and 16 were PCR-ampliﬁed
(primer sequences are available on request). Amplimers were cloned
into pLenti6/V5-D-TOPO vectors following the manufacturer's
instructions. The positive orientation of the insert was veriﬁed by
sequencing. Recombinant lentiviruses were produced by transfecting
pLenti6/V5-derived or pLenti6/V5-GW/lacZ DNA into 293FT cells
with Lipofectamine 2000 (Invitrogen, Carlsbad, USA), as described by
the manufacturer's instructions. Lentivirus-containing cellular
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the HT1080 cell line. High-titer lentiviral supernatants were added to
early passage-keratinocytes cultured in KGM in the presence of 5 μg/
ml hexadimethrine bromide (Polybrene, Sigma, St. Louis, USA). Cells
were maintained in the same culture system before and during
transduction. One day after infection, cells were selected with
blasticidin at 5 μg/ml for up to seven days. Control (nontransduced)
HFKs were cultured in parallel and did not survive antibiotic selection.
HFKs that were infected with the LacZ expressing control vector or
with the vectors expressing E6/E7 ORFs from HPV8, 38, and 16,
were named KerLacZ, KerHPV8, KerHPV38, and KerHPV16. HFKs
from two different pools were used independently to exclude
variation due to genetic background. HFKs were always passaged
before reaching conﬂuence to avoid contact inhibition. At each
passage, cell number was counted and population doubling levels
(PDLs) were determined, taking into consideration the number of
passages and the split ratio. PD were calculated using the following
equation: PDn=PD(n−1)+log10 [split ratio]/ log10[2] (Reznikoff et al.,
1987).
Establishment of organotypic cultures
Epithelial raft cultures were prepared as previously described
(Ojeh et al., 2001). Brieﬂy, glycerol-preserved skin (Euro Skin Bank,
Beverwijk, Holland) was washed and incubated in PBS containing
penicillin, streptomycin, gentamicin sulphate and amphotericin-B at
37 °C until the epidermis was detached from the dermis.
Deepidermalized dermis was cut into 2 cm2 squares and placed in
culture plates with the epidermal–dermal junction on the underside.
Glass rings were placed on top of the dermis, and 5×105 HFFs were
plated on the dermal surface. After 24 h of incubation, the dermal
equivalent was oriented with the epidermal–dermal surface on top
before replacing the rings, and lentiviral infected HFKs were seeded
onto inserts. After 2 days of incubation, the dermis was raised to the
air–liquid interface in the same orientation. Raft cultures, main-
tained in FAD medium for two weeks, were harvested by ﬁxation in
10% buffered formalin, embedded in parafﬁn, cut into 5-μm sections,
and stained with hematoxylin and eosin (H and E) for histologic
examination.
Quantitative real-time RT-PCR (q-RT-PCR)
For determination of E6/E7 gene expression levels, RNA was
extracted with the NucleoSpin RNA kit (Macherey-Nagel, Duren,
Germany) and DNAse-I treated (Sigma-Aldrich, St. Louis, USA). Total
RNA (1 μg) was retrotranscribed with the Revert-Aid H-Minus First
Strand cDNA Synthesis Kit (Fermentas, Lithuania). SYBR-green I q-RT-
PCR was performed to evaluate E6 and E7 transcript levels, and the
housekeeping gene GUSB was used to normalize for variations in
cDNA. Each standard curve was constructed using values from serially
diluted HPV-negative human cDNA mixed with a plasmid encoding
E6/E7 of the corresponding genotype. Mock-retrotranscribed RNA
was ampliﬁed to verify the absence of genomic contaminations. SYBR-
green I ampliﬁcations were performed using previously described
(Jung et al. 2006; Schraper et al., 2005) or newly designed primers
(sequences are available on request).
The analysis of hTERT gene expression was performed using the
commercial TaqMangene expression assay (assay no.Hs00162669_m1
Applied Biosystems, Foster City, CA, USA) and normalized to the
housekeeping gene hypoxanthine phosphoribosyltransferase 1
(HPRT1, assay no. Hs99999909_m1). Results were analyzed by a
ΔΔCt method. All q-RT-PCR reactions were performed on the
GeneAmp 7000 Sequence Detection System (Applied Biosystems)
(Dell'Oste et al., 2008).
To conﬁrm the validity of our microarray data and methods of
analysis, the mRNA levels for 13 genes (primer sequences are availableon request) were compared between the mRNA pools used for the
microarray analysis and another independently established cell lines
for each genotype. Each PCR reaction was performed in triplicate. q-
RT-PCR was performed in parallel for the gene GUSB, and the results
were used for normalization of the real-time PCR data for each gene of
interest. Correlation analysis was used to estimate the degree of
association between the microarray and q-RT-PCR data for each cell
line.
Antibodies, immunoﬂuorescence microscopy and western blotting
For indirect immunoﬂuorescence staining, monoclonal antibodies
(MAb) for pancytokeratin (clone C-11, 1:800 dilution) and vimentin
(clone V9, 1:200 dilution) were obtained from Sigma Immunochem-
ical, Milan, Italy. Cells grown on glass slides were ﬁxed in 2%
paraformaldehyde for 3 min at room temperature (RT) and then
permeabilized for 20 min at 4 °C with 0.5% Triton-X100 in phosphate-
buffer saline (PBS). After blocking, coverslips were incubated for 2 h
with the appropriate dilution of MAbs, followed by 1 h with a
ﬂuorescein-isothiocyanate (FITC)-labeled secondary antibody in the
dark at RT (Alexa Fluor 488, Molecular Probes, Oregon USA), and then
counterstained with propidium iodide. Immunoﬂuorescence was
observed using a confocal laser scanning microscope (Leica Micro-
systems, Milan, Italy).
For western blot analysis, total cellular extracts were prepared at
selected PDs with the NucleoSpin RNA/protein kit (Macherey-Nagel,
Duren, Germany) and quantiﬁed using a TCA (Trichloracetic acid)
based system (Karlsson et al., 1994). Equal amount of cell extracts
were fractionated by electrophoresis on sodium dodecyl sulfate-
polyacrylamide gels and transferred to a nitrocellulose membrane
(Amersham Biosciences, Little Chalfon, UK). To prevent non-speciﬁc
binding of antibodies, the membranes were blocked for 1 h at RT in
PBS containing 3% skimmedmilk and incubated overnight at 4 °C with
the following mouse antibodies: anti-p53 (clone DO-1, 1:1000
dilution, SantaCruz Biotechnologies), anti-pRb (clone SC-50, 1:1000
dilution, SantaCruz Biotechnologies), anti-p21 (clone C-19, 1:2000
dilution, SantaCruz Biotechnologies), anti-p16INK4a (clone DSC-50,
1:1000 dilution, Sigma) and anti-β-actin (clone AC-15, 1:5000
dilution, Sigma). Membranes were then washed three times for
5 min in PBS/0.05% Tween 20 (PBS-T) and incubated for 1 h at room
temperature with a peroxidase-coupled goat anti-mouse antibody
(GE Healthcare, Little Chalfon, UK). Proteins were detected using an
enhanced chemiluminescence detection kit (GE Healthcare, Little
Chalfon, UK).
Cell focus assay (CFA)
Cells were seeded in 60-mm-diameter Petri dishes at different
clonal densities ranging from 1×103 to 5×104 cells. Culture medium
(FAD)was changed every 4 days. HFK colonies were ﬁxed in ethanol at
15 days, stained by crystal violet, and counted. At least two
independent experiments were performed in duplicate dishes for
each experimental point.
Gene expression proﬁling and statistical analysis
Exponentially growing cells cultured in FAD medium were
homogenized and total RNA isolated according to standard TriR-
eagent protocol (Sigma-Aldrich, St. Louis MO). Starting from 1 μg of
total RNA for each sample, mRNA was ampliﬁed with the Amino Allyl
MessageAmp II aRNA Kit (Ambion Inc. Austin TX, USA) to obtain
amino allyl antisense RNA. Labeling was performed using NHS ester
Cy3 or Cy5 dyes (GE Healthcare Europe GMBH, Upsala – Sweden)
that were able to react with the modiﬁed RNA. At least 5 μg of mRNA
for each sample were labeled and column puriﬁed. totRNA and mRNA
quality was checked by RNA 6000 nano chip assays and 2100
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and labeling were also checked with a NanoDrop ND-1000 Spectro-
photometer (Thermo Fisher Scientiﬁc, Waltham, MA). Two hybridi-
zations with dye-swap duplication were performed to compare each
sample vs a common reference (the same cells, infected with a
lentivirus carrying the LacZ gene), following the “Two-Color Micro-
array-Based Gene Expression Analysis” protocol for 4×44K Agilent
arrays. Brieﬂy, 0.825 μg of labeled sample and reference were
fragmented and co-hybridized to 60mer glass arrays representing
over 37,000 well-characterized human genes (Human 4×44K Oligo
Whole Genome Microarrays, Agilent Technologies). After overnight
hybridization, slides were washed and scanned with the dual-laser
microarray scanner G2505B (Agilent Technologies), applying the
extended dynamic range function. High and low PMT-voltage TIFF
images were then analyzed using Feature Extraction version 9.5
(Agilent Technologies), and results loaded into the Resolver System
(Rosetta Biosoftware, Seattle, WA). The Agilent two-color error
model was applied and dye-swap replicates were combined by
weighted averaging. To detect differentially expressed genes between
each sample and the LacZ infected control, sequences with p-values
less than 0.01 in at least one condition were selected. Then, more
stringent ﬁlters (absolute fold change greater than 4 and p-value less
than 0.001) were applied to extract sequences highly modulated in
HPV16 infected cells compared to the control, and relatively stable
transcripts (absolute fold change less than 1.5 and p-value greater
than 0.01) or oppositely modulated in HPV8 and HPV38 infected
cells. All the extracted sequences were then annotated using Bioc
Web Annotation Tool (http://sourceforge.net/projects/annotweb-
bioc/), and loaded into DAVID (http://david.abcc.ncifcrf.gov/home.
jsp) to retrieve gene ontology (GO) categories with signiﬁcant
enrichment scores.
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